Dynamic behaviour of a welded structure made from thin metal sheets which has a large flat surface and has been assembled together by a number of scattered spot welds is investigated. An impact hammer and roving accelerometers are used in the modal tests to provide data to update the FE model. NASTRAN Solution 103 is used to compute natural frequencies and modes of interest. The large error of the initial FE model is largely reduced mainly by adjusting a crucial parameter of the bending moment of inertia ratio, 12I/T**3.
Introduction
Most car components are made from thin metal sheets and assembled together by thousands of joints. Resistance spot weld (RWS) is one type of joints and is widely used in automobile structures. In general a car body is expected to have thousands of spot welds. Therefore the integrity and dynamic behaviour of the structures highly depend on the joints [1] . The most common types of elements that represent resistance spot welds in finite element models are CWELD and ACM2 [2] . The great advantage offered by these two elements is that the mesh near and around the spot welds is not constrained, therefore no remeshing of the components to be joined is required [3] . Even though CWELD elements in MSC NASTRAN have gained popularity among researchers and engineers for representing spot welds in FE models, the local effects such as geometrical irregularities, material in-homogeneity and initial curvature owing to the spot welding, fabrication and assembly processes are not taken into account in FE modelling, for example, in [4] .
The work related to using CQUAD4 and CWELD elements in the development of FE models was reported in [5] [6] [7] . These papers merely dealt with model updating procedures for minimising the errors introduced in FE models which are mainly due to the inaccurate assumptions of the properties of materials, elements and patches. However, a structure with a large surface area of a thin metal sheet is susceptible to initial curvature due to its low flexible stiffness or manufacturing or assembling errors. A survey of the literature on model updating shows that no work has been done which addresses big errors in FE models due to initial curvature and/or initial stress.
Initial stress can arise when components are assembled. For a structure with a large surface of low thickness with initial curvature, stiffeners can be intentionally added to remove it and they may also unintentionally remove it. When the initial curvature is suppressed after addition of stiffeners, initial stress arises. Initial stress can also arise as a result of fabrication and heat treatment. However, such initial stress is very difficult to estimate by theoretical analysis or to measure, unless the unstressed configuration is first measured in the latter case, which is very rare in reality. In general, initial stress state is rarely completely known [8] . The influence of initial curvature and initial stress on the natural frequencies of structures was investigated and was found to be noticeable in [9] [10] [11] . Furthermore work on the effect of initial curvature was carried out in [12] . It was also pointed out [12] that finite element commercial software treats membrane and bending deformation as being independent and this approximation is only reasonable for structures with a small initial curvature and small deflection, however, for a moderate initial curvature and a small deflection the interaction between membrane and bending deformations should not be neglected.
This paper puts forward the idea of including initial curvature and/or initial stress (which have a large effect on natural frequencies) as an updating parameter for improving the performance of the FE model of a structure made from thin steel sheets.
Description of Experimental Set up
The structure under investigation is a welded structure made from 1.5mm-thick steel sheets. It consists of five components welded together as shown in Figure 1 (a & b). There is the U-shaped floor (bent floor no 1), two side walls each with three flanges (side wall no 2) and two hut-like stiffeners (stoppers no 3). They are clearly shown in Figure 1 (b) with numbering. There are in total eighty spot welds on the structure. The test model was set-up in free-free constraint conditions. The frequency range of interest in this study was 0~155 Hz. An impact hammer (PCB Model 086d05) and roving accelerometers (Kristler 8728A) were used in the investigation of the dynamic behaviour of the test model. This is due to a large flat surface on the test model and also it is made from thin steel sheets. The impact hammer was used to excite the structure in the Z direction as shown in Figure 2 . Meanwhile the dynamic data of the excited structure was acquired by the accelerometers. The load and response signals were processed by LMS SCADAS III analyser. The FE analysis results were used to provide guidance on determining the frequency bandwidth of the testing, the locations of the excitation points, excitation directions and also response measurement points. Based on the results of a few tests carried out beforehand it can be concluded that the quality of the particular test data significantly depends on hanging orientation of the test model and also the excitation directions and points. As a result the test model was set up in the way as shown in Figure  2 in which four springs and nylon strings were used to simulate free-free conditions of the structure. Advances in Experimental Mechanics VIII
Description of the Finite Element model and Analysis
The finite element models used in this study were developed using MSC PATRAN/NASTRAN finite element commercial software. MSC NASTRAN Solution 103 and 200 were used for normal modes and sensitivity analysis respectively. The comprehensive documentation on the methods used is available in [13] [14] [15] .
The FE model of the structure shown in Figure 3 consists of five components. They were developed based on CQUAD4 and CTRIA3 elements and were joined together to form a structure using CWELD elements. Detailed information on the FE model of the structure is given in Table 1 . MSC NASTRAN SOL103 with free-free constraint conditions was used to predict the frequencies and modes shapes of the structure. Since the structure used in this study is made from thin metal sheets which have a large flat surface and assembled together by spot welds, there is tendency to produce unpredictable dynamic behaviour. Only the first seven frequencies and mode shapes were investigated as it is believed that they are measured with good accuracy.
Updating Procedure and Design Parameters
The flow chart of the model updating process is shown in Figure 4 . The natural frequencies obtained from numerical data are validated by comparison with test data. The discrepancy resulting from the comparison suggests that the FE model is not good enough. The sensitivity analysis was used to determine the most influential parameters on frequencies.
The key parameters were selected and used in the model updating simulation. The numerical data based on the key parameters were then compared with the test data. The values of the selected parameters were varied until the testanalysis correlation became very good.
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The essence of model updating is to bring the frequencies predicted from the FE model as close as possible to their experimental counterparts by systematically adjusting the values of some sensitive parameters. The closeness between the theoretical and experimental results is usually defined in the sense of the least squares and hence model updating can be cast as a structural optimisation problem [15] . In this investigation, an objective function in the form of equation (1) is defined in MSC NASTRAN Solution 200 of Design Sensitivity module with the first five natural frequencies included to perform model updating.
(1)
where and are respectively the i-th numerical frequency and experimental frequency, and is the corresponding weighting. 
Results and Discussion
The first seven frequencies of the structure were calculated numerically. The results shown in Table  2 consist of three types of comparisons. The first comparison presented in the fourth column (IV) shows the results between the test and initial FE data. They clearly indicate that there are big errors in the initial FE data, in particular in the first frequency (16.63 %), the seventh frequency (5.99 %) and the sixth frequency (4.89 %). They suggest that there were deficient assumptions in the initial FE model. The attempt at improving the initial FE model was made by using a combination of commonly-used parameters (Young's modulus, shear modulus, Poisson's ratio, density, bend radius and thickness, and the properties of spot welds and their patches) that were considered by other researchers [1] [2] [3] [4] [16] [17] [18] [19] [20] . Among these updating attempts, the best results are given in the fifth column (V) and the comparison with test data is shown in the sixth column (VI). These are achieved by using Young's Modulus = 250 GPa, Poisson's Ratio = 0.3 and Density = 7900 kg /m 3 for the whole structure and Young's Modulus = 400 GPa, Poisson's Ratio = 0.3 and Density = 7900 kg/m 3 for the patches, which do not seem very realistic. The total error of 59.95 per cent in the updated FE data clearly indicates that the selected parameters were not good enough for improving the FE model of the particular structure under investigation. After repeated attempts to update the FE model, it was then realised that something significant is missing in updating the welded structure made from thin steel sheets, the selection of parameters should not only be limited to the property of materials, elements and patches which are not enough to bring about the improvement against the shortcomings of FE models. It gradually became clear that the initial stress arising as a result of welding the stoppers to the floor was responsible for big discrepancy in the natural frequencies of the structure and its effect was clearly explained and demonstrated in [11] [12] in a context other than model updating. When the initial stress is considered and represented by a new updating parameter, the desired improvement is achieved, as shown in the seventh and eighth columns of 
Conclusions
The dynamic behaviour of a welded structure made from thin steel sheets was investigated experimentally and numerically. The natural frequencies obtained from the initial FE model show a big discrepancy, in particular the first frequency in comparison with the test data. The key parameters, namely the properties of materials, elements and patches that have been widely used by many researchers for the improvement in the FE models were found to be insufficient for improving the initial FE model in this study. The cause for this discrepancy was discovered to be the initial stress arising in the welding process and bending moment of inertia ratio was used successful in the end to produce very good results by the updated FE model. It is also suggested that structures with large spans (walls or floors for example) made from thin metal sheets are susceptible to initial curvature and/or initial stress and they should be accounted for in updating the FE models of these structures.
